A cohort mortality study of occupational radiation exposure was conducted using the records of the National Dose Registry of Canada. The cohort consisted of 206,620 individuals monitored for radiation exposure between 1951 and 1983 with mortality follow-up through December 31,1987. A total of 5,426 deaths were identified by computerized record linkage with the Canadian Mortality Data Base. The standardized mortality ratio for all causes of death was 0.61 for both sexes combined. However, trends of increasing mortality with cumulative exposure to whole body radiation were noted for all causes of death in both males and females. In males, cancer mortality appeared to increase with cumulative exposure to radiation, without any clear relation to specific cancers. Unexplained trends of increasing mortality due to cardiovascular diseases (males and females) and accidents (males only) were also noted. The excess relative risk for both sexes, estimated to be 3.0% per 10 mSv (90% confidence interval 1.1-4.8) for all cancers combined, is within the range of risk estimates previously reported in the literature. Am J Epidemiol 1998; 148:564-74.
Ionizing radiation is a well established risk factor for human cancer (1, 2) . Epidemiologic studies of atomic bomb survivors (3), uranium workers (4) , and patients treated with ionizing radiation (2) have revealed excess risks, particularly for leukemia and for lung cancer and other solid tumors (1) .
Nuclear industry workers represent relatively large cohorts exposed to low levels of radiation that are described by detailed dosimetric data, mostly based on direct measurements (5) . Recently, excess risks of leukemia were found in the United Kingdom's National Registry for Radiation Workers study (6) and in a combined analysis of nuclear workers in three countries (7) . A statistically significant correlation between multiple myeloma and radiation exposure was also noted in the National Registry for Radiation Workers cohort and in a combined analysis of three cohorts of nuclear workers in the United States (8) . Studies of radiologists (9, 10) and other medical workers (11) have revealed excess relative risks for leukemia but have been limited by the lack of dosimetric data.
Centralized registries of occupational radiation exposure, established in a number of countries for regulatory purposes, contain comprehensive records of radiation doses that are useful for epidemiologic investigations (12) . In this paper, we present a first analysis of the mortality experience of a Canadian cohort based on the National Dose Registry of Canada (13, 14) . This registry contains records of individual exposure for all workers monitored in Canada for occupational radiation exposure, and the resulting cohort is the largest single cohort of its type that has been established at the national level. In contrast to other cohorts comprised primarily of nuclear workers, the National Dose Registry of Canada cohort comprises mainly industrial, medical, and dental workers.
MATERIALS AND METHODS

The National Dose Registry of Canada
The National Dose Registry of Canada is a centralized registry of records of occupational exposure to ionizing radiation dating back to 1950. It is maintained by the Radiation Protection Bureau of Health Canada (Ottawa, Ontario, Canada). It currently includes records on more than 500,000 individuals from over 24,000 organizations. The registry contains historical summary records of exposures to x-rays, gamma rays, neutrons, beta particles, internal tritium, and radon daughters. Further details on the National Dose Registry are provided elsewhere (15) .
Cohort
The study cohort consisted of 256,425 individuals registered in the National Dose Registry between January 1, 1951, and December 31, 1983 . Of this group, 31,556 were excluded (31,299 because of insufficient identifying information for record linkage; 253 because they were not monitored until after December 31, 1983 ; and four whose ages were less than 16 years). Uranium miners exposed to radiation and nonuranium miners with potential exposure to radiation (a combined total of 18,249) were also excluded because of incompleteness of the dose records or of monitoring. The remaining 206,620 individuals, representing 81 percent of the target population, were retained for analysis.
Based on the National Dose Registry work history classification codes, these individuals were grouped into four broad occupational categories: dental, medical, industrial, and nuclear power workers (c.f. table 4). The dental category includes dentists, dental assistants, and dental hygienists. The medical category comprises physicians, radiologists, radiotherapists, radiologic technicians, nuclear medicine technicians, nurses, and orderlies. The industrial category comprises nonmedical workers in industries (e.g., industrial radiographers, engineers), universities, and national defense; it also includes veterinarians and veterinary assistants, as well as employees of Atomic Energy of Canada Limited (Chalk River, Ontario, Canada). The nuclear power category consists of full time staff and contractors working at nuclear power generating stations. The individuals in the four occupational groups were assigned to six categories of socioeconomic status: professional, intermediate, skilled nonmanual, skilled manual, partly skilled, and unskilled. These six categories were used to define a socioeconomic status indicator variable.
Dosimetry
Atomic Energy of Canada Limited originated radiation monitoring in Canada in the 1940s. In 1951, the Department of National Health and Welfare's National Dosimetry Service undertook the external monitoring of all workers in Canada, with the exception of those at Atomic Energy of Canada Limited and, since the late 1970s, of nuclear power station employees. The National Dose Registry routinely receives records of external and tritium dose equivalents from Atomic Energy of Canada Limited and from nuclear power stations. Between 1951 and 1987, the follow-up period of this study, approximately 85 percent of the cohort was monitored by the National Dosimetry Service and 15 percent by Atomic Energy of Canada Limited and the nuclear power stations.
The characteristics of the external dosimetry used and the monitoring frequencies are shown in table 1. The thermoluminescent dosimetry system developed by Atomic Energy of Canada Limited was used by Atomic Energy of Canada Limited, the National Dosimetry Service, and all nuclear power stations except one: New Brunswick Power (Fredericton, New Brunswick, Canada) has used, since it started operating in 1982, a Panasonic thermoluminescent dosimetry system (Matsushita Electric Industrial Company, Osaka, Japan). For the time span encompassed by this study, the dosimetry data obtained from these different sources can be considered compatible. The treatment of thresholds has been similar, with doses below the reporting threshold of 0.20 mSv being recorded as zero. However, since 1973, Atomic Energy of Canada Limited has subtracted the background reading at the dosimeter reader stage and has reported the doses as measured. No attempts were made to correct for the different reporting thresholds (15) .
All nuclear power stations have reported neutron doses using a relative biological effectiveness of 10, except for one facility (table 1). Because of the small number of workers with positive neutron doses at this facility between 1986 and 1987, no adjustment for neutron doses was made. Tritium exposures were determined from urine analysis and converted into dose equivalents expressed in mSv. To obtain the best estimate of whole body dose, the tritium dose equivalents were included in the whole body dose estimates. A separate analysis using only the gamma dose was also undertaken. Significant exposures to other radionuclides (i.e., greater than one 10th of the annual limit on intake) are extremely rare in Canada and have not been taken into account.
Workers occupationally exposed to radiation prior to 1951 were not routinely monitored, and very few have records in the National Dose Registry. No attempt was made to reconstruct dose histories for these workers. combined (15, 18) prior to linkage with the Canadian Mortality Data Base. Individual records in the National Dose Registry were then matched to those in the Canadian Mortality Data Base using computerized record linkage methods (19, 20) , with separate linkages conducted for males and females. Surnames were phonetically coded (21) , and each record in the National Dose Registry was compared with all records having the same phonetic code in the Canadian Mortality Data Base. A weight which reflected the likelihood of a match between an individual in the National Dose Registry and an individual in the Canadian Mortality Data Base was assigned to each pair of records. These weights were computed on the basis of the agreement, partial agreement, or discrepancy between the surname, the first and second given names (or initials), and the year, month, and day of birth. In addition, the relation between data such as the year of death and year of last monitoring and the place of death and place of last monitoring was taken into account in the calculation of the weights. Individuals were assigned to one of the following three linkage groups depending on the availability of personal identifiers: 1) surname, first and second given names, and complete date of birth (140,570 individuals); 2) surname, first given name, and complete date of birth (39,306 individuals); and 3) surname and any other combination of identifiers (26,7'44 individuals).
To minimize potential bias due to linkage errors, thresholds were set at the point where the rates for false positive and false negative links were equal (22) . False linkage rates were estimated by manual review to determine the validity of 1,756 potential links (pairs of records with relatively high weights) (20) . Linkage thresholds were determined separately for each of the three linkage groups defined above.
For confirmation of vital status, Statistics Canada used social insurance numbers, first issued in Canada in the mid-1960s, to link the cohort to summary tax records. The tax data file indicates whether an individual is alive and continuing to file an annual tax return or has become deceased as of a specified tax year. Of the 206,620 cohort members, 169,791 had a social insurance number and were successfully linked to the summary tax file.
Statistical methods
Statistical analyses were conducted to assess the hypothesis that occupational exposure to radiation is associated with increased death rates and to estimate the excess relative risk associated with radiation exposure. The data were grouped according to the following six covariates: age (5-year intervals), sex, calendar year (5-year intervals), occupational category (dental, medical, industrial, and nuclear power workers), time since first exposure (5-year intervals), and cumulative whole body dose (categories are given in table 2). All analyses of mortality were based on the number of person-years of observation within these categories (23) . In the case of cumulative exposure, which is a time-dependent variable, each person-year was assigned to an exposure category which corresponded to the individual's cumulative exposure in the year of observation. Thus, subjects whose cumulative exposures changed with time could have contributed person-years to several exposure categories.
Standardized mortality ratios (SMRs) were used to evaluate the mortality experience of the cohort relative to that of the Canadian population. Two-sided 90 percent confidence intervals for the SMRs were calculated under the assumption that the observed number of deaths followed a Poisson distribution (23) .
The AMFTT program (24) was used to fit the data to a relative risk regression model (23) . The expected number of deaths within thejth category was assumed to be a Poisson random variable with mean Njk/l + f3dj), where A^ is the number of person-years at risk in the yth category, \j denotes the baseline death rate in the absence of radiation exposure, dj is the cumulative dose weighted by the number of person-years at risk, and (5 denotes the excess relative risk per unit dose. Two-sided 90 percent confidence intervals on the excess relative risk were calculated.
The cumulative dose was lagged 2 years for leukemia and 10 years for solid tumors to provide for a latency period for cancer induction. Exposures occurring within the latency periods for cancer induction were excluded from the cumulative dose. A lag period of 10 years was also applied in the case of noncancer deaths (8) . • 93,260 individuals had no exposure above the reporting threshold of the dosimeters. 
RESULTS
The distribution of the 206,620 cohort members by age, sex, and vital status is shown in table 3. There were 105,456 males and 101,164 females. The median age of individuals still alive at the end of follow-up was 41 years for males and 36 years for females. The median age of death was 58 years for males and 50 years for females. Individuals were followed for an average of 14 years from the time of entry into the cohort.
A total of 5,426 deaths were identified by linkage of the cohort to the Canadian Mortality Data Base. Of the 169,791 cohort members with a social insurance number, 1,226 were determined to be deceased and 168,565 were determined to be still alive based on the linkage to the Canadian Mortality Data Base. Linkage with the summary tax file supported the ascertainment of vital status based on the Canadian Mortality Data Base linkage by confirming 91.4 percent of the 1,226 deaths and 99.95 percent of the 168,565 nondeaths.
Cumulative lifetime exposure to whole body radiation was relatively low (table 2) . Of 177,703 individuals with exposure between zero and 4.9 mSv, 93,260 had no exposure above the dosimeter reporting threshold. Only 1.4 percent of the cohort had cumulative exposures exceeding 100 mSv. The average exposure of all members of the cohort was 6.3 mSv, although the average exposure of males (10.6 mSv) was notably greater than that of females (1.7 mSv).
The distribution of whole body exposures by occupational category and type of radiation is shown in table 4. The cohort was comprised primarily of industrial (38 percent), medical (35 percent), and dental (21 percent) workers, with the remaining 6 percent being nuclear power workers. Exposures differed appreciably across these occupational categories, with the average cumulative exposure to whole body radiation among nuclear power workers being almost 100 times that of dental workers. Industrial workers accounted for approximately 50 percent of the cohort's total (males: SMR = 0.68, 90 percent CI 0.64-0.71; females: SMR = 0.72, 90 percent CI 0.66-0.77). SMRs were also significantly low in both males and females for a number of cancer sites and for most noncancer causes. No SMR was significantly increased.
Estimates of the excess relative risk (ERR) for each cause of death are shown in tables 7 and 8 for males and females, respectively. In males, significant increases in risk were noted for all causes of death (ERR = 2.5, 90 percent CI 1.5-3.5), all cancers (ERR = t ERR, excess relative risk; Cl, confidence interval; CLL, chronic lymphatic leukemia.
% Zero dose for all cases. * Analyses were stratified by age, calendar year, time since first exposure, and occupational category. Cumulative doses were lagged 2 years for leukemia and 10 years for other causes of death.
f ERR, excess relative risk; Cl, confidence interval; CLL, chronic lymphatic leukemia.
\ Not specified as a primary or secondary site. § Zero dose for all cases. H Acute myeloid or monocytic leukemia § Not specified as a primary or secondary site. U Acute myeloid or monocytic leukemia. Including or excluding tritium dose equivalents from the whole body dose had little effect on these results. For instance, the ERR for all causes of death among males increased from 2.5 percent (90 percent CI 1.5-3.5) per 10 mSv with the exclusion of tritium to 2.6 percent (90 percent CI 1.6-3.6) per 10 mSv with the inclusion of tritium. Similarly, adjusting for socioeconomic status on the basis of the six socioeconomic status indicator categories did not have an appreciable impact on the ERR estimates. For example, the ERR estimate for all causes of death in males increased from 2.5 percent (90 percent CI 1.5-3.5) per 10 mSv to 2.8 percent (90 percent CI 1.7-3.8) per 10 mSv after adjustment for socioeconomic status.
DISCUSSION
This mortality study of a large cohort of Canadian workers exposed to ionizing radiation indicated that the excess relative risk for all cancers was 3.0 percent per 10 mSv for males, 1.5 percent per 10 mSv for females, and 3.0 per 10 mSv for both sexes combined, which is within the range of risk estimates reported in the literature.
The major strengths of this study include the large sample size, encompassing nearly all monitored radiation workers in Canada, and the use of personal dosimetric data for exposure ascertainment. However, dosimeter inaccuracies, incompleteness of dose records, linkage errors, and lack of information on risk factors related to lifestyle, particularly cigarette smoking, must be considered as the study's main limitations.
Uncertainties in external dosimeter readings increase with lower energies and doses and may be high near the measurement threshold. Furthermore, with the exception of Atomic Energy of Canada Limited, all dosimetry processors in Canada have used a reporting threshold of 0.20 mSv and have recorded doses below this value as zero. These facts may explain why a large number of workers (46.7 percent of the cohort) had no recorded exposure. In addition, it was not possible to determine the degree of underestimation of lifetime dose and the consequent ERR increase which could result from this practice, since the number of doses reported as zero was not readily available on an individual basis.
Incompleteness of dose records would also lead to an underestimation of lifetime dose, although a centralized registry such as the National Dose Registry ensures a high level of completeness of workers' records. In Canada, workers in nuclear power stations, medical facilities, and industries are required by the regulatory authorities to be monitored if they are working with radiation or may be exposed to radiation. However, for dental occupations, monitoring, while recommended, is not required. The degree of incompleteness of dose records in this group of workers could not be assessed. Workers monitored by other dosimetric services while outside of Canada may have incomplete records. It is not possible to estimate the number of missing records, although experience would suggest that the number would be quite small.
Record linkage errors could lead to SMRs' being biased towards the null (22) . On the basis of a manual review of 1,756 potential deaths, the error rate was estimated to be 10.9 percent. However, for cohort members classified as being alive (record pairs with low linkage weights), linkage to the summary tax records confirmed the alive status of 99.95 percent, implying an error rate of only 0.05 for potentially alive individuals. This suggests an overall linkage error on the order of 1 percent The linkage with these summary tax records supported the validity of our record linkage. No information on relevant lifestyle risk factors, particularly smoking habits, was available. Hence, the significantly increased ERRs observed in males for lung cancer and circulatory diseases should be interpreted with caution, although the ERRs for other cancers known to be associated with tobacco smoking (25) were not increased, and excess risk for cardiovascular diseases has been reported in other studies of radiation workers (8, 10) .
SMRs were notably less than unity, and in the entire cohort the SMR for all causes of death was low, reflecting the healthy worker effect; results from previous studies of nuclear workers and of radiologists have also shown low SMRs for all causes of death (6, 8, 9, 26) .
In our study, ERRs were significantly greater than zero only for all cancer mortality and for lung cancer among males. For females, no significantly increased ERR was noted for any cancer site. Previous studies of occupational radiation exposure have revealed doserelated trends in cancer mortality mainly for leukemia (6, 7, 27) and multiple myeloma (27, 28) . Table 9 shows a comparison of ERRs for all cancers assessed in the National Dose Registry cohort, which includes a variety of occupational groups, with ERRs observed in other mortality studies of cohorts comprised primarily of nuclear workers. The excess cancer mortality of 3.0 percent per 10 mSv based on the National Dose Registry is within the range of risks derived from other studies and is similar to the value previously noted in a cohort of nuclear workers (29) .
Our results also suggest an association between occupational radiation exposure and mortality from cardiovascular diseases and accidents. Although noncancer mortality has not been consistently examined in previous studies, excess mortality from cardiovascular disease has been reported among radiologists (10) and nuclear workers (8); a nonsignificant trend in mortality from external causes (International Classification of Diseases, Ninth Revision, codes 800-999-primarily accidental deaths) has also been observed among nuclear workers (8) .
In summary, the risk estimate found in this study for all cancers is high but is consistent with other estimates quoted in the literature. Although the National Dose Registry contains radiation exposure records dating back to 1951, the cohort is relatively young. An updated analysis of mortality through 1993, which will provide 10 additional years of follow-up, is being planned
